ABSTRACT Variations in broiler growth and efficiency have been explained in part by differences in mitochondrial function and biochemistry in broilers. To further our knowledge in this regard, 2 experiments were carried out to determine the relationships of a) mitochondrial function and activities of various electron transport chain (ETC) complexes; b) production of H 2 O 2 , a reactive oxygen species (ROS), and its association with protein oxidation; and c) mitochondrial protein expression in liver of a single line male broilers with low or high feed efficiency (FE, n = 5 to 8 per group). Mitochondrial function and complex activities were measured polarographically and spectrophotometrically, respectively. H 2 O 2 was measured fluorimetrically, whereas oxidized protein (carbonyls) and specific mitochondrial proteins were analyzed using Western blots. Mitochondrial function (ETC coupling) and activities of ETC complexes (I, II, III, and IV)
INTRODUCTION
Because feed represents 50 to 70% of the cost of raising an animal to market weight, feed efficiency (FE, gain to feed) remains one of the most important traits in commercial animal breeding programs. Despite marked improvements in growth and FE (Havenstein et al., 1994 (Havenstein et al., , 2003 , there remain significant within-and between-strain variations of these traits in broilers (Emmerson, 1997) . In light of recent findings To whom correspondence should be addressed: wbottje@uark.edu.
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were higher in high FE compared with low FE broilers. H 2 O 2 and protein carbonyls were higher in the livers of low FE broilers than in high FE broilers. Whereas the expression of 4 immunoreactive proteins [NAD3 (complex I), subunit VII (complex III), cytochrome c oxidase subunits (COX) II, and COX IVb (complex IV)] were higher in low FE liver mitochondria and 2 proteins [subunit 70 (complex II) and a-ATP synthase (complex V)] were higher in high FE birds, there were no differences between groups in the expression of 18 other mitochondrial proteins. In conclusion, increases in oxidative stress in low FE broilers were caused by or may contribute to differences in mitochondrial function (ETC coupling and complex activities) or the differential expression of steady-state levels of some mitochondrial proteins in the liver. Understanding the role of oxidative stress in Low FE broilers will provide clues in understanding the cellular basis of feed efficiency.
2004; Ojano-Dirain et al., 2004a,b) , variations in broiler growth and FE might be explained in part by differences in mitochondrial function and biochemistry. Recent studies with broilers Iqbal et al., 2004; Ojano-Dirain et al., 2004a) and rats (Lutz and Stahly, 2003) are the first, to our knowledge, to provide evidence that mitochondrial function and biochemistry are inextricably linked to FE within a single genetic line of animals fed the same diet.
Mitochondria are responsible for producing 90% of the energy for the cell. Thus, inefficiencies associated with mitochondrial dysfunction could be hypothesized to have great impact on the growth performance and phenotypic expression of FE in animals. The electron transport chain (ETC), located on the inner mitochondrial membrane, comprises a series of electron carriers grouped into 4 multiple-subunit enzyme complexes (complexes I to IV) and ATP synthase (complex V) (Lehninger, et al., 1993) . The structural and functional integrities of these complexes are important for the optimal functionality of mitochondria in providing energy for various cellular processes in the body. The activities of complexes I, II, III, and IV and the respiratory control ratio (RCR), an index of respiratory chain coupling, have been reported to be lower in the breast muscle of low compared with high FE birds .
The exact mechanism involving compromised mitochondrial function in low FE broilers is still elusive. Recently, it was hypothesized that inherent differences in mitochondrial protein expression might lead to electron leak, increased protein oxidation, and lower function of mitochondria in breast muscle . Increased electron leak in terms of H 2 O 2 has been reported in low FE mitochondria isolated from breast muscle and upper duodenum (Ojano-Dirain et al., 2004a) . The levels of protein carbonyls (indicator of oxidative protein damage) are also higher in a variety of tissues obtained from low FE broilers: breast muscle mitochondria (Iqbal et al., 2003; , duodenal mitochondria (Ojano-Dirain et al., 2004b) , lymphocytes , cardiac muscle , and leg muscle homogenate (unpublished observation). Similarly, protein turnover (ubiquitin level) is higher in breast muscle . Furthermore, several mitochondrial (complexes III and IV) or channel proteins (e.g., adenine nucleotide translocase 1, ANT1) are expressed at higher levels in breast obtained from low FE broilers than in high FE broilers . Increased expression of these proteins might be to compensate for the lower ETC complex activities or to overcome the increased protein oxidation in low FE birds .
Because the liver has a high metabolic capacity, thus a potential role in the regulation of FE, the current study was carried out to determine whether the findings in liver extend our earlier findings in other tissues Iqbal et al., 2004; Lassiter et al., 2004; OjanoDirain et al., 2004a,b; Tinsley et al., 2004) . The objectives of this study were to determine a) the relationships of mitochondrial function and activities of various ETC complexes, b) the production of reactive oxygen species (ROS) and protein oxidation, and c) protein expression in liver within single line of male broilers with low and high FE.
MATERIALS AND METHODS

Birds and Sampling
Male broilers (7 wk old) with low and high FE (FE, n = 8 per group) were selected from a group of 100 that were tested for FE in a breeder male replacement stock as per the standard procedure of the breeding company 4 as previously described elsewhere Ojano-Dirain et al., 2004a) . The FE was calculated from the increase in BW and net feed consumption for the test interval. Briefly, upon arrival at our facility, broilers were acclimated for 5 d in single-bird cages. The broilers were provided access to water ad libitum and to a diet containing 20.5% protein and 3,280 kcal of /kg. Birds were randomly selected and euthanized with an overdose of sodium pentobarbital by i.v. injection into the caudal tibial vein. A portion of the liver was obtained for isolation of mitochondria, and a portion was immediately frozen in liquid nitrogen for homogenate and biochemical analyses.
Tissue Homogenate and Mitochondrial Isolation
Liver mitochondria were isolated by differential centrifugation methods as outlined by Cawthon et al. (1999) . Briefly, approximately 15 to 20 g of fresh liver tissue were suspended in 50 mL of isolation medium (pH 7.4) containing 220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES, 0.5 mg/mL BSA (fatty acid free), and 1 mM EGTA. The minced tissue was homogenized in a PotterElvenhjem vessel with a Teflon pestle of 0.16-mm clearance 5 and centrifuged twice for 10 min at 600 × g. The pellets containing nuclei and cell debris were discarded. A portion of homogenate was frozen in liquid nitrogen and stored at −80°C. The supernatant was centrifuged for 15 min at 7,750 × g to pellet the mitochondria. The mitochondria were washed twice in an isolation buffer (pH 7.0) containing 220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES, and 0.5 mg/mL BSA (fatty acid free). A portion of freshly resuspended mitochondria was used for functional studies and H 2 O 2 production, and another aliquot was frozen in liquid N 2 for subsequent Western blotting and complex activity measurements. The purity of isolated mitochondria was measured using lactate dehydrogenase (LDH, a cytosolic marker enzyme) and citrate synthase (a mitochondrial marker enzyme) activities as previously described (Almeida and Medina, 1998; Iqbal et al., 2004) . Protein concentration was determined using a dye-binding assay (Bradford, 1976) .
Experiment I: Mitochondrial Function
Oxygen consumption of mitochondria was measured polarographically with a Clark-type oxygen electrode with a 3-mL thermostatically controlled chamber equipped with magnetic stirring 6 as described (Cawthon et al., 1999) . All duplicate measurements were averaged and completed within 3 h of isolation. Fresh aliquots (0.5 mL) of liver mitochondria were added to the reaction vessel containing 1 mL of RCR buffer (220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES, 3 mM KH 2 PO 4 ; 5 µL of 1.5 mM rotenone, and 50 µL of 1 M succinate, pH 7.0) to a final protein concentration of 0.67 mg/mL. The substrate used in this study was succinate (10 mM), which donates electrons to the ETC at complex II (succinate:ubiquinone oxidoreductase). Indices of liver mitochondrial function [RCR and adenosine diphosphate to oxygen ratio (ADP/O)] were determined according to Estabrook (1967) . Briefly, after monitoring the initial oxygen consumption, state III (active) respiration was initiated following addition of 155 µM ADP (final concentration), followed by state IV (resting respiration) when ADP levels become limiting. The RCR (an index of ETC coupling) was calculated as state III divided by state IV respiration. The efficiency of ATP synthesis coupled to cell respiration, the ADP/O ratio, was determined by dividing the quantity of ADP added by the amount of oxygen consumed during state 3 respiration. To determine the effect of repeated energy demand on mitochondrial function, a second set of functional parameters (state III 2 , state IV 2 , ADP/O 2 , and RCR 2 ) were determined following a second sequential addition of 310 µM ADP (final concentration) in the same chamber (Cawthon et al., 2001; Iqbal et al., 2001a; Tang et al., 2002) .
Mitochondrial H 2 O 2 Generation
Generation of H 2 O 2 was determined with a 2′,7′-dichlorofluorescin diacetate 7 (DCFH-DA) chemical probe (Iqbal et al., 2001b) . Briefly, reaction conditions for H 2 O 2 measurement included the addition of 0.05 to 0.1 mg of fresh mitochondrial protein, 51 µM DCFH-DA, and 64 µL of H 2 O 2 buffer containing 145 mM KCl, 30 mM Hepes, 15 mM KH 2 PO 4 , 3 mM MgCl 2 , and 0.1 mM EGTA. Mitochondria were provided with pyruvate-malate (5:1, 0.8 mM) or succinate (0.8 mM) as energy substrates that provide reducing equivalents to the ETC at complexes I and II, respectively. The final volume in each well was 124 µL. The microplate was incubated at 37°C and read for 20 min on kinetic mode by a fluorometer (FLX 800) 8 at an excitation of 480/emission of 530 nm. Hydrogen peroxide values were corrected for residual fluorescence by catalase addition to a control, and the final values were calculated from a standard curve with known amounts of H 2 O 2 . Final values of H 2 O 2 are normalized with mitochondrial protein and are expressed as nanomoles per minutre per milligram of mitochondrial protein (Iqbal et al., 2001b) .
ETC Complex Activities
The activities of mitochondrial ETC complexes were assessed using an ultraviolet spectrophotometer 9 as previously described Iqbal et al., 2004) . The ETC complex activities are expressed in units of activity per minute per milligram of mitochondrial protein. Complex I Activity. The activity of complex I (NADH ubiquinone: oxidoreductase) was assessed using a method described by Galante and Hatefi (1978) with modifications . Briefly, the activity was measured by following the oxidation of NADH. Approximately 100 µg of mitochondrial protein was added to a solution containing 50 mM Tris-HCl and 1.3 mM 2, 6 dichloroindophenol (DCIP) in a final volume of 1 mL. The reaction was initiated with the addition of 15 mM NADH. Absorbance at 600 nm was monitored for 10 min to follow the rate of oxidation of NADH, and the activity was determined using an extinction coefficient of 6.22 mM −1 cm −1 ). Complex II Activity. The activity of complex II (succinate: ubiquinone oxidoreductase) was determined by following the reduction of DCIP by dihydroubiquinone-2 (CoQ 2 ) as described by Hatefi and Stiggall (1978) . Mitochondria (∼100 µg of protein) were added to a solution containing 74 µM DCIP and 50 µM CoQ 2 . The reduction of DCIP was followed at 600 nm, and the activity was calculated with an extinction coefficient factor (21 mM
). Complex III Activity. The activity of complex III (ubiquinol: ferricytochrome c oxidoreductase) was measured by the rate of reduction of cytochrome c by ubiquinol-2 (Hatefi, 1978) . Mitochondria (∼40 µg of protein) were added to a solution containing 35 mM KH 2 PO 4 , 5 mM MgCl 2 , 3 mM KCN, 0.25% BSA, 15 mM cytochrome c (III), and 1 µM rotenone in a final volume of 1 mL. The reduction of cytochrome c was followed at 550 nm for 10 min, and enzyme activity was calculated with an extinction coefficient factor (19.2 mM −1 cm −1 ). Complex IV Activity. The activity of complex IV (ferrocytochrome c: oxidoreductase) was measured according to Galante and Hatefi (1978) and was carried out by evaluating the oxidation of cytochrome c as a decrease in absorbance at 550 nm. Cytochrome c was reduced by adding 50 µM to 0.1 M dithionite containing 10 mM Tris-HCl. The reaction mixture contained 35 mM KH 2 PO 4 , 5 mM MgCl 2 , 3 mM KCN, 0.25% BSA, 15 µM reduced cytochrome c, and 1 µM rotenone to a final volume of 1 mL. The reaction was initiated by adding mitochondria (∼40 µg of protein), and the oxidation was followed at 550 nm for 10 min. The activity was calculated with an extinction coefficient factor (21 mM
).
Experiment 2: Mitochondrial Proteins
SDS-PAGE. An equal concentration of proteins (concentration dependent on antibody used) was separated with a 10 or 18% polyacrylamide gel in Tris-HCl buffer using a Hoefer electrophoresis minigel system 10 at 100 V for 50 to 60 min. After electrophoresis, gels were soaked in transfer buffer (120 mM glycine, 15 mM Tris, and 20% (vol/vol) methanol, pH 8.3) and electroblotted onto the membranes (nitrocellulose or polyvinylidene difluoride 11 ) at 80 V overnight and 100 V for 1 h in the morning in a submerged system using Hoefer transfer units Generous gift from R. Doolittle (University of California, San Diego, CA); NAD = nicotinamide adenine dinucleotide; URF = unidentified reading frame. Western Blots. Mitochondrial proteins were detected using Western blots. Blots were developed using specific primary antibodies for the mitochondrial protein and protein carbonyls using a peroxidase-based chemiluminescence detection system . Briefly, following transfer of proteins to nitrocellulose the membranes were blocked with buffer (pH 7.6) containing 2.5% casein, 150 mM NaCl, 10 mM Tris, and 0.02% sodium ethylmercurithiosalicylate (Thimersal). Blocked blots were incubated at room temperature for 1 to 2 h or overnight with primary antibodies diluted in buffer (pH 7.6) containing 0.5% casein, 150 mM NaCl, 10 mM Tris, and 0.02% Thimersal. Primary antibodies for mitochondrial proteins used in this study were purchased commercially 12 or were generous gifts from other laboratories.
13 A list and dilutions of antibodies are provided in Table 1. Primary antibody  for ANT1 14 was used in the dilution of 1:300. After incubation once with primary antibodies, blots were washed with detergent buffer (0.5% casein, 150 mM NaCl, 10 mM Tris 0.02% Thimersal, 0.1% SDS, 5% Triton X-100) and twice with washing buffer (0.5% casein, 150 mM NaCl, 10 mM Tris 0.02% Thimersal) for 5 min each, and rinsed three times with distilled deionized H 2 O before and after incubation with detergent or washing buffers. and then washed extensively with detergent, washing buffer, and Tris-saline. Blots were treated with substrate (SuperSignal West Dura Extended Duration) 17 for 5 min, and chemiluminescent bands were detected using a charge-coupled device (CCD) camera (Fuji LAS 1000plus).
18 The molecular weights of separated proteins were estimated by comparison with ProSieve color molecular weight standards 19 run in parallel. For internal controls, mouse anti-glyceraldehyde-3 phosphate dehydrogenase (GAPDH) 20 or glutamate dehydrogenase (GDH) antibodies were used. Bands were quantified using Scion 21 software.
Protein Oxidation
Protein oxidation (carbonyls) was determined in liver homogenate from immediately frozen tissue using a reaction of dinitrophenyl hydrazine with carbonyls (aldehydes and ketones) on proteins using methods described by Keller et al. (1993) with modifications in a Western blot format. Briefly, proteins were separated by SDS-PAGE (see above) and then transferred onto PVDF membrane and incubated in one volume of 20 mM 2, 4-dinitrophenyl hydrazine in 10% (vol/vol) trifluoroacetic acid and two volumes of 12% SDS. After 15 min, 1.5 volumes of 2 M Tris-base was added and further incubated for 20 min. Blots were developed as described above for Western blots using anti-dinitrophenyl antiserum (1:1,000 dilution) 22 with a peroxidase-based chemiluminescence assay.
Statistical Analyses
Data are presented as the mean ± SE, and the means were compared by Student t-test using JMP 23 statistical analysis software. Regression analysis between FE and various parameters (e.g., H 2 O 2 , ETC complex activities and protein subunits) were also carried out. A probability 
RESULTS
Growth performance data of broilers used in these studies are provided in Table 2 . Feed efficiencies (g of gain/ g of feed) were 0.63 ± 0.01 and 0.79 ± 0.01 (experiment 1) and 0.62 ± 0.01 and 0.80 ± 0.01 (experiment 2) for low and high FE broilers, respectively. Weight gain in high FE broilers was a function of feed efficiency, as feed intake was not different between the groups. Feed conversion ratio (FCR, g of feed/g of gain) was also significantly different between the high and low FE groups.
Experiment 1
Data regarding mitochondrial function are provided in Table 3 . The high FE broilers exhibited higher respiratory control ratio (an index of respiratory chain coupling) than the low FE group after the first addition of ADP (RCR 1 ), but there was no difference after the second addition of ADP (RCR 2 ). Although there were higher states IV 1 and IV 2 in low FE broilers, there were no differences in state III 1 , III 2 , ADP/O 1 , and ADP/O 2 values in mitochondria isolated from broilers with low and high FE.
The activities of liver mitochondrial complexes (I, II, III, IV) were all lower in low FE compared with those in high FE broilers (Figure 1) . When expressed as a percent- Means with different letters within columns under respective parameters are different (P ≤ 0.05).
1
Values represents the mean (n = 6) ± SE. age of high FE, low FE complex activity ranged from 41% lower (for complex IV) to 18% lower (for complex I) with 25 and 15% reductions for complexes II and III, respectively. Regression analysis showed a significant positive correlation between FE and complex I activity (P = 0 .012, r 2 = 0.73) in low FE broilers only (data not shown). Basal H 2 O 2 (ROS) generation was higher in low FE broilers than in high FE broilers, regardless of energy substrates (succinate or combination of pyruvate-malate; Figure 2 ). When expressed as a percentage of high FE, low FE birds generated 51% more H 2 O 2 with succinate and 62% with pyruvate-malate. Regression analysis revealed a significant negative correlation (P = 0.02, r 2 = 0.79) between the activity of complex I and H 2 O 2 production with succinate as a substrate in low FE broilers (data not shown). No other complexes have shown significant correlations with H 2 O 2 production in either group.
Experiment 2
Like H 2 O 2 production in experiment 1, the level of protein carbonyls, an indicator of protein oxidation, was higher in liver homogenate prepared from low FE boilers compared with high FE broilers in experiment 2. When expressed as a percentage of high FE, low FE birds had 91% more protein carbonyls indicating higher oxidative damage to proteins in low FE broilers (Figure 3) .
More than 24 mitochondrial proteins were probed using specific antibodies in a Western blot format (Table . Although several protein subunits were differentially expressed between groups, the majority of these protein subunits were expressed at the same levels between the low and high FE groups (Table 4 ). For FIGURE 2. Hydrogen peroxide (H 2 O 2 ) production in liver mitochondria obtained from male broiler breeders with high and low feed efficiency (FE) (experiment 1). Mitochondria were either provided succinate or pyruvate-malate (Pyr-Mal) as energy substrate. Each bar represents the mean ± SE for high FE (n = 7) and low FE (n = 5). *P ≤ 0.05. FIGURE 3. Protein carbonyl contents (pixel intensities in arbitrary units, AU) in liver homogenate obtained from low and high feed efficient (FE) male broiler breeders in experiment 2. Each bar represents the mean ± SE for high FE (n = 7) and low FE (n = 5). *P ≤ 0.05. example, NAD3 (complex I), subunit VII (complex III), and COX II, COX VIb (complex IV) were expressed at higher levels, whereas subunit 70 (complex II) and a-ATP synthase (complex V) were expressed at lower levels in low compared with high FE broilers. A positive correlation was observed between the expression of NAD3 and FE in low FE broilers (P = 0.03; r 2 = 0.83) only.
DISCUSSION
The exact mechanism of the compromised mitochondrial function in low FE broilers is poorly understood. Increased ROS production OjanoDirain et al., 2004a) , and oxidative damage and differential expression of mitochondrial proteins in low FE broilers compared with high FE broilers have been hypothesized to be responsible, in part, for the compromised mitochondrial function in low FE birds. Within the cell, mitochondria are both the target and source of ROS (Ames et al., 1993; Drogue, 2002; Stewart and Heales, 2003) . Rather than being completely reduced to water, about 2 to 4% of oxygen consumed by mitochondria may be incompletely reduced to ROS such as superoxide (O 2 ؒ − ) and H 2 O 2 due to univalent reduction of oxygen by electrons (Boveris and Chance, 1973; Chance et al., 1979) . This leakage of electrons may contribute to the mitochondrial inefficiency found in low FE broilers. If not neutralized by antioxidants, oxidative damage to critical structures in the mitochondria and cell, such as lipids, proteins, and DNA, can lead to further inefficiencies that accentuate additional ROS generation. Therefore, damage to one or more of the ETC complexes may lead to impairment of cellular ATP synthesis. However, each of the complexes exerts varying degrees of control over respiration, and substantial loss of activity of an individual respiratory chain complex may be required before ATP synthesis is compromised (Davey and Clark, 1996; Stewart and Heales, 2003) . Reactive oxygen species also cause oxidant- Means in rows with no common letter are significantly different (P ≤ 0.05). mediated repression of mitochondrial transcription, which exacerbates mitochondrial dysfunction by inhibiting synthesis of mitochondrial proteins (Kristal et al., 1994 (Kristal et al., , 1997 . Increased mitochondrial ROS production and dysfunction (lower RCR) have been reported in several tissues in broilers with pulmonary hypertension syndrome (Iqbal et al., 2001a,b; Cawthon et al., 2002; Tang et al., 2002) and in broilers with low FE Iqbal et al., 2004; Ojano-Dirain et al., 2004a) . Consistent with the previous studies, higher levels of H 2 O 2 were also observed in liver mitochondria isolated from low FE broilers. Furthermore, low FE broilers exhibited elevated levels of protein carbonyls, an indicator of protein oxidation (91% more compared with high FE, P < 0.05) in liver homogenate. Similar findings have also been found in cardiac , lymphocytes and leg tissue homogenates (unpublished observation). The cause and effect relationship between protein oxidation and H 2 O 2 levels could not be established in the current study as both of these parameters were carried out in 2 separate experiments. However, a significant negative correlation has been found between complex I activity (experiment 1) and H 2 O 2 production (experiment 2) with succinate as an energy substrate (P = 0.02, r 2 = 0.79; data not shown) implying a decrease in protein function following oxidative stress. We have shown an increase in protein oxidation (Figure 3) , which has been shown to lead to an increase in protein turnover through the ubiquitin system of protein degradation (Iwai, 2003) . Taken together with earlier studies, it appears that protein oxidation from increased ROS production might be involved, in part, in the compromised function of mitochondria in low FE broilers.
Mitochondrial ETC complexes are not single entities but rather are the assemblies of multiprotein subunits. Mitochondria are maternally inherited and the expression of ETC complex proteins is under the control of nuclear (n) and mitochondrial (mt) DNA (Wei, 1998) . The relative balance of mt-and n-DNA encoded protein subunits are important for normal functioning of mitochondria (Nijtmans et al., 2002) . Elevated ROS can cause DNA mutations and lead to mistranslated proteins and RNA (Wei, 1998) . Mitochondrial DNA encodes 22 tRNA, 2 rRNA, and 13 proteins that are all subunits of various ETC complexes (Anderson et al., 1981; Desjardins and Morais, 1990) . Because of its close proximity to the ETC and lack of protective histones, mtDNA was considered to be more susceptible to oxidation than nDNA (Wei, 1998) . Recently, it has been reported that the restricted availability of mtDNA encoded subunits or the occurrence of incorrect subunits accounted for diminished activities of the ETC complexes and respiration capacity of the mitochondria (Wallace 1999) . Another study reported an increased expression of two mtDNA encoded protein subunits: cyt b (complex III), COX II (complex IV), and 3 nDNA encoded protein subunits: cyt c1, core I (complex III) and α-ATP synthase (complex V) in low compared with high FE broilers . Although the exact mechanism is yet to be determined, the higher expression of these ETC proteins in low FE broilers have been hypothesized to be a compensatory response either to the lower complex activities or increased protein oxidation (damage) observed in low FE birds ). In the current study, out of 24 ETC and 1 channel proteins probed using Western blots, only six were differentially expressed between the two FE groups (Table 4) . Consistent with an earlier study in breast muscle , only 2 mtDNA encoded proteins; NAD3 (complex I), COX II (complex IV), and 2 nDNA encoded proteins; subunit VII (complex III), COX VIb (complex IV) were higher in low FE compared with high FE broilers. However, 2 nDNA encoded proteins, subunit 70 (complex II) and α-ATP synthase (complex V) were higher in high FE compared with low FE broilers. It appears that the mechanism of modulation of n-and mtDNA encoded proteins may be tissue specific and more complicated. The higher expression of some mtDNA encoded proteins in low FE broilers may be modulated by the factors within the mitochondria only, whereas nDNA encoded proteins may be affected by the factors within or outside the mitochondria. Further studies are needed to study the interplay of mt-and nDNA in the modulation of ETC proteins and their assemblies.
Interestingly, in sharp contrast to our earlier study in breast muscle , out of 10 proteins probed in complex III, only 1 protein, subunit VII, was different. The expression of subunit VII was higher in low compared with high FE broilers (Table 4) , which is consistent with the overall pattern observed in the breast muscle . The subunit VII is believed to be one of several other transmembrane subunits in the ETC, which is involved in the complex assembly and interacts with several other protein subunits within complex III (Xia et al., 1997; Iwata et al., 1998) . It is possible that subunit VII may play a key role in the assembly of complex III and its proper functioning is important in the optimal production of ATP. The regression analysis between the activity of complex III (experiment 1) and expression of subunit VII (experiment 2) revealed a negative correlation (P = 0.01, r 2 = 0.76) with high FE broilers (data not shown). The higher expression of subunit VII in low FE birds might be a compensatory response to primary (inherent) or secondary (oxidation) defects or deficiencies of this subunit in low FE broilers. Thus, a faulty assembly of protein subunits within complex III may be responsible in part for higher electron leak and ROS production observed at this site in earlier studies in breast muscle and duodenum (Ojano-Dirain et al., 2004a) . Further investigation will be necessary to confirm this hypothesis.
The current study in the liver, like in other tissues Iqbal et al., 2004; Ojano-Dirain et al., 2004a,b) , provides some evidence to the association of mitochondrial function with phenotypic expression of feed efficiency in broilers. Although the exact mechanism by which oxidative stress affects the differences in mitochondrial function and the differential expression of steady-state levels of some mitochondrial proteins is unknown, our data may begin to provide clues in understanding the effect of oxidative stress on feed efficiency.
